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We report a real-time method to determine the size, i.e. diameter, and refractive index
of single gold nanoparticles using an optofluidic chip, which consists of a quasi-
Bessel beam optical chromatography. The tightly focused (∼ 0.5 µm) quasi-Bessel
beam with low divergence (NA ∼ 0.04) was used to trap sub-100 nm gold nanopar-
ticles within a long trapping distance of 140 µm. In the experiment, 60 to 100 nm
gold nanoparticles were separated efficiently with at least 18 µm. The diameter and
refractive index (real and imaginary) of single gold nanoparticles were measured at
high resolutions with respect to the trapping distance, i.e. 0.36 nm/µm, 0.003/µm
and 0.0016/µm, respectively. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5004727

INTRODUCTION

Size (diameter) and refractive index are crucial to many gold nanoparticle related applications,
such as surface-enhanced Raman scattering (SERS),1,2 advanced spectroscopy,3 chemical sensing,4

biomedical imaging,5 drug delivery6 and clinical diagnosis.7 Gold nanoparticles can also be used
as on-chip assays for protein detection and DNA biomarker selection, which highly depends on the
diameter and refractive index of gold nanoparticles.8,9 As a result, the determination of diameter and
refractive index of single gold nanoparticles is becoming increasingly important.

Most conventional methods to determine the size of gold nanoparticles are based on the aver-
age diameter of gold nanoparticles in a liquid suspension, such as UV-Vis spectra,10 second-order
scattering11 and dynamic light scattering.12 For real-time measurement, direct imaging using CCD is
essentially impossible due to the diffraction limit.13–16 For refractive index measurement, emissivity
measurement technique,17 spectroscopic ellipsometry,18 reflection and transmission measurements19

and optical spectrum20 are not feasible for real-time measurement. And they are incapable to measure
the refractive index of single gold nanoparticles. In addition, real-time optical spectrum is difficult
to be applied to the single nanoparticle level.20 As a result, it remains a great challenge to determine
the diameter and refractive index of single gold nanoparticles in real-time, which imposes barrier in
practical applications.

Optical chromatography using the balance of the optical extinction and fluidic drag force has
served as a paradigm for real-time measurement of 1 and 3 µm polystyrene particles.21 However,
in order to measure single gold nanoparticles in real-time with a high accuracy, the optofluidic chip
should be designed not only to meet the ability to detect nanoparticles, but also to separately trap them
within a long trapping range. Two criteria are important for the separation of nanoparticles with similar
diameter along the microchannel. First is the small divergence of light beam (numerical aperture,
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NA < 0.1), which has been accomplished using a photonic crystal fiber (NA ∼ 0.05).22 However,
such beam has a large beam spot (> 10 µm), which is not applicable for nanoparticle. Second is the
tightly focused beam (usually < 2 µm), which ensures the stable trapping of nanoparticles.23,24 These
two criteria (low NA and tight focus) are usually contradict with each other in most light beams such
as Gaussian beams (tight focus but high NA, or vice versa).25 Therefore, optical chromatography
has only been used for the separation of microparticles and spores. As a result, developing a tightly
focused beam with low NA is crucial to extend current method of separation and measurement of
particles to the nanometer level.

Here, an optofluidic chip is designed to form a tightly focused (∼ 0.5 µm) quasi-Bessel beam
with a low NA (∼ 0.04). Such unprecedented characteristics for trapping single nanoparticles in the
microchannel, and measuring the diameter and refractive index of sub-100 nm gold nanoparticle
in real time. 60 to 100 nm nanoparticles can be separately trapped in different positions along the
quasi-Bessel beam at a long trapping range over 140 µm. Based on theoretical analysis, the trapping
distance increases linearly with the particle diameter. Therefore, the diameter of nanoparticles can
be determined by directly measuring their trapping distance. The correlation between the diameter
and refractive index is also derived to determine the refractive index correspondingly. Our optofluidic
chip fills the gap of conventional methods for the diameter and refractive index measurement of single
gold nanoparticles in real time and sub-100 nm level. It has a great potential for the pre-determination
of nanoparticle in applications, such as precision medicine and chemical sensing.

DESIGN OF THE OPTOFLUIDIC CHIP

The optofluidic chip is designed with a hydrodynamic focusing and a quasi-Bessel beam as
illustrated in Fig. 1(a). Gold nanoparticles suspended in de-ionized water are confined in the center of
the microchannel by two sheath flow streams. The quasi-Bessel beam is coupled into the center of the
flow stream by irradiating a Gaussian beam from an optical fiber (NA = 0.12) passing through a micro-
quadrangular lens. The micro-quadrangular lens is made by the combination of two triangular lens
with open angles of 10◦ and 50◦. The quasi-Bessel beam has a tightly focused main lobe (minimum
0.5 µm) and diverges slowly from the lens (z = 0) with an equivalent NA of 0.04 in a propagating
length over 140 µm as shown in Fig. 1(b). The beam exerts a dominant optical extinction force
(Fext) on the nanoparticles along the light propagation direction as shown in Fig. 1(c). Meanwhile,
a drag force (Fdrag) is exerted on the nanoparticles.26–28 Since the light intensity decays along the
propagation direction, and the optical extinction force increases exponentially with the diameter of
each nanoparticle, bigger nanoparticles will reside on the right side of the microchannel with a longer
trapping distance as shown in Fig. 1(c). The trapping distance is defined as the distance between the
equilibrium position and the lens (z = 0). Each nanoparticle with distinct diameter and refractive index
experiences distinct optical and fluidic drag forces, leading to a distinct trapping position. Therefore,
the measured trapping distance of nanoparticles in the microchannel can be used to determine the
diameter and refractive index of nanoparticles based on our theoretical model.

THEORETICAL MODEL

Optical extinction forces on gold nanoparticles can be calculated from the refractive indices
obtained by fitting the optical scattering spectra based on Drude model and Rayleigh scattering
theory.20 The relation of refractive index and diameter is used to determine refractive index from the
measured trapping distance. Detailed calculation of the relation of diameter and refractive index can be
found in supplementary material. The calculated refractive indices for 60 to 100 nm gold nanoparticles
is shown in Fig. 2(a). For each wavelength, the real part of the refractive index increases with the
increase of diameter. While the imaginary part follows the contrary trend. For example, when the
wavelength is 532 nm, the real part of the refractive indices for 60 to 100 nm nanoparticles increases
from 0.647 to 0.988, while the imaginary part decreases from 1.853 to 1.679.

The optical extinction force of gold nanoparticles in the microchannel can be calculated using
Maxwell stress tensor based on the refractive indices calculated in Fig. 2(a). Plotted as solid curves
in Fig. 2(b), the optical force increases linearly with the diameter of nanoparticle. The optical force

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-7-090709
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FIG. 1. Optofluidic chip to determine the diameters and refractive indices of single gold nanoparticles. (a) Illustration of the
optofluidic chip with a hydrodynamic focusing and a quasi-Bessel beam. The quasi-Bessel beam is generated by illumination
of a Gaussian beam (λ = 532 nm) passing through a micro-quadrangular lens. (b) Simulated intensity profile of the quasi-Bessel
beam which has a light focus of 0.5 µm and equivalent NA of 0.04. The quasi-Bessel beam also has a long working distance of
over 140 µm. (c) Contour of the intensity of quasi-Bessel beam elucidating the separation of gold nanoparticles with different
diameters along the microchannel. Two gold nanoparticles with different diameters are trapped in the quasi-Bessel beam by
optical extinction force (Fext) and fluidic drag force (Fdrag) with trapping distance of z1 for small particle and z2 for large
particle. Diameter (d) and refractive index (n, k) can be determined from the trapping distance (z).

on each gold nanoparticle increases with the trapping distance in a range of 20 µm, then decreases
slowly as distance increases. Since light intensity is too weak to trap nanoparticles after a propagating
distance of 150 µm, the optimal trapping range is between 20 to 150 µm when the laser power and the
flow velocity used in the calculation are 400 mW and 300 µm/s, respectively. Due to surface plasmon
resonance, the optical extinction force on the gold nanoparticle could be thousands of times stronger
than that on the dielectric nanoparticle. For example, the calculated optical extinction force on an
80 nm gold nanoparticle used in the experiment is approximately 2.8 pN when the applied laser
intensity is 10 mW/µm2. However, for an 80 nm polystyrene nanoparticle, the optical extinction
force is only 0.6 fN.

The equilibrium positions of 60 to 100 nm nanoparticles are plotted as dots in Fig. 2(b). The drag
force is expressed as Fdrag = 3πηvd, where d, η and v are the diameter of the nanoparticle, viscosity
and velocity of the flow, respectively. The optical extinction force Fext can be divided into optical
scattering force Fsca and optical absorption force Fabs. The optical scattering force can be estimated

as Fsca =
(
2π5d6n2

/
3cλ4

) ����
[
(np/n2)2 − 1

]2/ [
(np/n2)2 + 2

]2���� I(z), while the optical absorption force

is Fabs =
(
π2d3n3

2

/
cλ

)
imag

{ [
(np/n2)2 − 1

] / [
(np/n2)2 + 2

] }
I(z), where λ is the wavelength of the
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FIG. 2. (a) Refractive index of nanoparticles with respect to optical wavelengths. The solid and dashed lines represent the
real (n) and imaginary (k) parts of refractive index, respectively. (b) Simulated optical force at different positions in the
microchannel. The solid curves are calculated using Maxwell stress tensor, and the dots are obtained by the equilibrium of
the optical and drag forces when the laser power is 400 mW and flow velocity is 300 µm/s. (c) Relation between the diameter
of gold nanoparticle and the trapping distance. The dots are simulation results and the solid line is the fitting curve using
Equation (1).

laser, c is velocity of light, np and n2 are the refractive index of the nanoparticle and medium,
respectively. The laser intensity I(z) is a function of the trapping distance z, and can be calculated by
numerical simulation. Therefore, the equilibrium condition (Fsca + Fabs = Fdrag) of the nanoparticle
can be expressed as

2π5n2

3cλ4

��������



(
np/n2

)2
− 1(

np/n2

)2
+ 2



2��������
d5 +

π2n2
3

cλ
imag



(
np/n2

)2
− 1(

np/n2

)2
+ 2


d2 =

3πηv
I (z)

. (1)

Eq. (1) gives the analytical expression of relationship between the diameter (d) and the trapping
position (z). However, the analytical expression is too complicated and tedious to solve. Instead, the
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trapping positions for nanoparticles with different diameters can be obtained by plotting the curves
of the optical and fluidic forces with respect to the light propagation distance and determining the
equilibrium positions of the two forces. The calculated trapping distances for 60, 70, 80, 90 and
100 nm gold nanoparticles are 32, 74, 104, 122 and 142 µm, respectively, as shown in Fig. 2(b).
The relation between the diameter of nanoparticle and the trapping distance is then fitted using the
method of Least Squares with an exponential equation.29 The fitting model is optimized by comparing
the fitting results with different fitting equations, such as Gaussian and polynomial, etc. The fitted
equation can be expressed as

d = 19.87 × exp (−0.01138z) + 37.34 × exp(0.00667z) (2)

This equation is used to determine the diameter of nanoparticles from the measured trapping distance.
For instance, when we observe the trapping position of an unknown gold nanoparticle in the experi-
ment, its diameter can be directly obtained from Eq. (2), and its refractive index can be consequently
determined using the relation of the diameter and refractive index shown in Fig. 2(a). The relation
between the real part of refractive index and the trapping position can be expressed as

n= 0.628 × exp (−0.00254z) + 0.0376 × exp(0.0189z) (3)

and the relation between the imaginary part of refractive index and the trapping position is

k =−3.539 × exp (0.00353z) + 5.402 × exp(0.00232z) (4)

Therefore, based on Equations (2–4), the diameter and refractive index of a single gold nanoparticle
can be easily determined based on the experimental measured trapping distance.

EXPERIMENTAL RESULTS AND DISCUSSIONS

The optofluidic chip was fabricated by polydimethylsiloxane (PDMS) using standard soft-
lithography processes.15,16 Detailed description of the optofluidic chip and experimental setup can
be found in supplementary material. Experimental observation of the quasi-Bessel beam is shown
in Fig. 3(a). The beam has a main lobe and some side lobes. Because the side lobe plays a negli-
gible role on the trapping particles due to the ‘washboard’ profile of Bessel beams,30 nanoparticles
will be confined in the main lobe only. As mentioned before, the tightly focused quasi-Bessel beam

FIG. 3. (a) Observation of the fluorescence image of quasi-Bessel beam in the microchannel. Scale bar, 20 µm. (b) Exper-
imental observation of simultaneous trapping of 60, 70 and 90 nm gold nanoparticles. Images were recorded using a high
speed camera. The laser power was 400 mW and the flow rate was 300 µm/s.

ftp://ftp.aip.org/epaps/aip_advances/E-AAIDBI-7-090709
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(NA 0.04) has enormous potential for the separation of nanoparticles with small diameter differ-
ence in a trapping range of 140 micrometers. Larger nanoparticles were trapped further from the
lens (at which z = 0) because of larger optical extinction forces acting on them. In the experiment,
gold nanoparticles with diameters of 60, 70, 80, 90 and 100 nm were separately trapped in different
positions along the microchannel. The simultaneous separation of 60, 70 and 90 nm gold nanoparti-
cles is shown in Fig. 3(b). The results revealed that the nanoparticles were well separated with very
little disturbance to one another due to the self-healing property of quasi-Bessel beams.30 Trapping
positions of nanoparticles in Fig. 3(b) oscillated slightly due to Brownian motion in the light prop-
agation direction. The equilibrium position of the optical and drag forces, which was the center of
particle oscillation, was used as the trapping position of a single gold nanoparticle. 60, 70 and 90 nm
gold nanoparticles are trapped in the microchannel with a trapping distance of 29, 97 and 128 µm,
respectively. Separated trapping of gold nanoparticles with different diameters in the experiment can
be realized with different laser powers and flow velocities. Both laser power and flow velocity are
kept in an optimized range, e.g., laser power from 300 to 500 mW and flow velocity from 200 to
300 µm/s. For example, when the laser power is 300 mW, the trapping distance of 60 and 80 nm
particles is shifted from 99 and 130 µm to 32 and 104 µm, respectively, when the flow velocity is
increased from 250 to 300 µm/s.

The measured trapping positions of nanoparticles with diameters of 60, 70, 80, 90 and 100 nm
were 25, 66, 102, 121 and 146 µm, respectively, when illuminated by laser with a wavelength of
532 nm. The shortest separation distance observed was about 19 µm, which was between 80 and
90 nm gold nanoparticles. Using the relation of trapping distance and diameter calculated in

FIG. 4. (a) Diameters of gold nanoparticles based on the experimentally measured trapping distance. (b) Refractive indices
of gold nanoparticles with different experimentally measured trapping distances. The square symbol represents the real part
of refractive index, and the circle symbol represents the imaginary part of refractive index.
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Fig. 2(c), the distributions of particle diameter were 58.6 ± 1.5 nm, 67.8 ± 2.6 nm, 79.3 ± 3.1 nm,
89.4 ± 3.9 nm and 101.7 ± 4.8 nm. On the other hand, the distributions of nanoparticles based on
the supplier data were 60 ± 4 nm, 70 ± 5 nm, 80 ± 5 nm, 90 ± 5 nm and 100 ± 5 nm, which were
verified by TEM images. The experimental results were reasonably consistent with the specifications
of the products. By using the relation between diameter and refractive index, the corresponding real
parts of refractive indices for nanoparticles with diameters of 58.6, 67.8, 79.3, 89.4 and 101.7 nm
were 0.647, 0.678, 0.740, 0.858 and 0.988, respectively, and the imaginary parts were 1.853, 1.826,
1.778, 1.702 and 1.679, respectively, which are plotted in Fig. 4(b). Due to the long trapping range
(> 140 µm), the diameter, real and imaginary parts of refractive index of single gold nanoparticles
can be measured at a high resolution with respect to the trapping distance, i.e. 0.36 nm/µm, 0.003/µm
and 0.0016/µm, respectively.

CONCLUSIONS

In this paper, we present an optofluidic chip for the real-time determination of diameter and
refractive index of single gold nanoparticles using a quasi-Bessel beam based optical chromatography.
The quasi-Bessel beam, which was delicately designed with unique characteristics of tight focus
(∼ 0.5 µm) and low NA (0.04) at the same time, was used to separate sub-100 nm gold nanoparticles
along the microchannel. Trapping positions of gold nanoparticles was theoretically derived based
on Drude model, Rayleigh scattering and Maxwell stress tensor. The diameter and refractive index
of gold nanoparticles could be directly obtained by measuring the trapping distance based on the
theoretical model. This optofluidic chip serves as a promising technology for real-time measurement
of physical and optical properties of single nano-objects, which has high potentials in precision
medicine, biochemical sensing and physical studies.

SUPPLEMENTARY MATERIAL

See supplementary material for complete calculation of the relation between refractive index and
diameter, description of the optofluidic chip and experimental setup, TEM image of gold nanoparti-
cles, scattering spectrum, the configuration of the microlens, and the comparison of the experimental
and theoretical trapping positions with different gold nanoparticles.
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